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OBJECT 
M9BIIMD0.f %r 

To represent the dsita in Watertown Arnenal Report 
:To. 710/453 by concise formulae. 

K 

'ä 

iv.    <« 

U'fl 

COI'CLUSIOiTS 

1. The  data in W.A.  Report To.   710/456 on the 

Army ballistic limits of homogencouü platea againot 

cal,   ,50 A.P.   ammunition are represented very well 

up to angleo of obliquity of 50°,   by the formula 

0.785 
7A^V    (e/d)      +•     C(l-cose). 

Here V    is  the army ballistic limit at normal incidence 

against matching plate,   e is the r>late  thickness,  d is 

the core calibre.     The conctmt C,   as well as V^,   is a 

function only of the plate hardness. 

2. The  corresponding data  for the I'avy ballistic 

limits arc-  represented fairly well by the  formula 

ü-5      -P« Vn=V0  (e/d)      cos ^0. 

Here V0 is the Navy ballistic limit at normal Incidence 

against matching olate.  It is a function only of plate 

hardness. »n^r 
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51 < 

3. The relation between, the Army and the Havy 

balllötlc limits given in W.A. Report 710/456 Is 

represented, for normal inclcence, very veil by the 

followlng formula, 

N   A   3 

The constant V, Is a function only of plete hardness. 

It is the velocity the core must have, at the instant of 

penetration, Just to nerforate the plate. 

4. The energy a calibre 0.50 bullet must have to 

perforate completely a homogeneous pl'ite in the thickness 

range 3/8" to 1" varlca directly with the plate thickness, 

all other factors being held constant. 

5. The rets at.which the navy ballistic limit with 

respect to calib..'".; 0,50 projectllos Increases with angle 

of obliquity is much higher then can bo accounted for by 

an effective Increase In length of projectile path. The 

data examined in this report Giurgents the possibility 

that this rapid rise with obliquity is associated with 

the projectile breaking up at angles of rttack of 20    and 

over. 

APPROVED: 

H, H. Zornig 
Colonel, Ordnance Department 
Director of Laboratory 
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^crj^iEO 
Introdiictlpn 

Many ballistic formulae  h^.ve been proposed .    Pr-evious 

attempts to reduce a compilation of data  to a concise formula 

h./ve been motivated primarily by r  desire to obtain a con- 

venient measure  of  the quality of prraor nlate.    Thus supooee 

thpt the ballistic  limit V of a olate with respect to a 

standrrd  projectile varies in a known manner with thickness 

of plate e and with angle of obliquity, Q ,    Such a formula 

may be written as 

V -K f (e,a), 

Here the factor 1' Is Indeoeitceat of z and £, but varies 

with different pVte qualities. Then the effectiveness 

of n given plrste in st-oppii^ the r.tand»ard orojectile is 

completely specified by the ^■Gaoclr.ted vr>lue of K, high 

values denoting cood qurlity, lew values denoting poor 

quality. 

Ballisuic  formulae may be of use  in  the development of 

new types of bullets.    A change  in a bullet,   such as a 

chr.nge In  shane  of ogive,  may Improve its penetration 

ability  in certrin circumstances,  while  effecting it 

adversely in otheva.    Such complicated effects may best 

be  sumiaarlzed as changeo in parameters  of the  function f. 

Finally,   ballistic limit formulae  are invaluable to an 

understanding of  the mechanism of p.rmor penetrrtlon.    Any 

detailed theory of penetration mwt lraad to a ballistic 

formula.     The validity of a particiil'.r  theory may be tested 

.' ■ . 
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therefore by a coraprrlöon of the cnrresrondlng bp.lHstlo 

formula with that v.'hlch best fits the e.':pe-rlniental drta. 

In the construction of r.  ballistic formula It is 

necessnry to Iirve firing records of plates of different 

thicknesses examined at different obliquities. The more 

uniform the quality of the plrtes, the more sisnlflcanoe 

cm be attached to the derived formula. Little significance 

may in fact be attached to formulae derived from date? upon 

production plates covering a wide rr.nge of thicknesses, for 

the hardness values of such plates decreases with incrersing 

plr-.te thickness. Other qualities not manifested in the 

hardness value may also be different in plates of different 

thicknesses,  Sullivan hns recently published a report 

which contains data Ideally suited to form the basis for a 

ballistic formula.  The plates of all thicknesses were of 

the same nominal composition. 

Plates of each thickness were so heat treated rs to 

contain specimens covering p  wide hardness range. The 

ballistic limits were obtained using the criterion of 

complete perforation (navy limit), and also using the 

criterion that r  small pinhole be formed (prmy limit). The 

ammunition, calibre 0.50 A.P., was fired at 0°, 20°, 30°, 40° 

obliquity. All these data are reduced in the present report 

to concise formulae, except that pertaining to 40 obliquity. 
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ExperliaenUd Srroro In pat.a 

An r-nalyslG of any net of e>:porimortal data ahould 

otr.rt with an examlnr.tlon of the magnitude of the uncertain- 

ties in the data. Only by this means can one decide how 

closely a derived formula can be expected to fit the ex- 

perimental data. 

The data upon which the nresent analysln is b.r;.sed conBlst 

of the b' llistlc limits of pl'-.tes of a given Brinell hardness 

and of a given thickness, taken at a certain r.n^le. For a 

given ammunition tnc ballistic limit Is regarded as a func- 

tion only of those three variablen! hardness, thickness, 

obliquity. Uncertainties in the ballistic limit prise both 

fron errors in measurement, end from the oresence of differ- 

ences in "olatos which, are not reflected in their measured 

and reported hardness values, The measured value of the 

ballistic limit is commonly regarded as differing, from the 

true value by not more than ~  35 ft/sec.  This limit is 

obtr.incd by bracketing the bplllstic limit by two shots 

differing by not more than 50 ft/sec. 

The d-'ta in reference 2 present a convenient method 

of pre die tin;;' the uncertainty of the individual values of 

ballistic limits associated with a given hardness vrlue, 

thickness and obliquity. Of the mrny elftes tested, eix 

may be grouped into pairs having nearly identical average 

Brinell hardness:  509 and ^04, 3^9 and 351, 361 and 38?. 
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Mlnetfen pnlrs of ballistic limits were determined on 

these -ol-tes,  including both the Amy nnd the nnvy limits 

nt the various r.ngles of  obliquity.    Ths difference 

between each ;orlr of ballistic limits is recorded r.s Pig,  1, 

the difference belns recorded as positive if  the harder 

of the two plates has a higher limit.    From this figure 

it may be  ceen that  the distribution of the differences is 

symmetrical about the origin.     The maximum discrepancy is 

180 ft./sec..     The morn of the magnitude of  these differ- 

ences is 66 ft./sec.     Such a cuantity is known technically 

as the mcrn absolute deviation,   z. 

In order to obtain from this moan absolute deviation 

the nrobable error of a  [-.Ingle d-tum it Is necessary to 

assume  some  sort of error function.    This will be  taken 

an the Gaussian error function.    In this case  the  standard 

deviation is given by0 -V'TTTS'   Z.    HOW the standard 

deviation of a single datum is (1/  ■{%)  times the  standard 

deviation of the difference of two data of the  same 

quantity.    Finally,   with a Gaussian distribution of errors, 

the probable error**   of a datum is 0.674*(the   standard 

deviation).    One thus obtains that there is a 50-50 chance 

that the ballistic limit of a plate of given hardness, 

thickness,  and obliquity,   lies within i 0,674  X (2)      9 

1/° 
('•7/2) ^Irae ft/sec,   namely - 39 ft/src,   of a  single 

determination. 

.,' 
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Heor^a-ilzatl.on of pat^ 

Sullivan'e dr.ta Is given in Appendix A,     Thene 

data give  the ballistic limits for plates of various 

fnickner.ses,  0/8"  to 1",  at various angles of obliquity. 

From 5 to 9 pi?1.tee of each thickness v.'ere  tested,   the 

average hardness of these plr.tea varying between 241 and 

415 Brinell.    Since  the hardness of a given plate is in 

genera], different from the hardness of all other elftes, 

an individual ballistic limit of a plate can only in rare 

cases  justly be compared with the ballistic  limit of a 

plate of another thickness.    It therefore  seemed best to 

confine attention to three hardness ranges,   and to analyze 

only tue ballistic limits averaged over each range.    In 

choosing these ranges a compromise had to be made between 

the two conflicting desires to include as many points as 

oossible,  and to make  the range as narroTv as possible. 

The ranges chosen were 260-982,  300-310 and 330-390 Brinell. 

An average was taken of the observed ballistic limits in 

each range for the various olnte  thicknesses and angles 

of obliquity.     The  averages are given in Table I.     In those 

few cases where no observations lay vrithin a given hardness 

range, an estimate was made frora the observations lying, 

on either side of the range by using Sullivan's smooth 

curves. 

Derivation Qf Ballistic Limit Formulae 

A,      Army ballistic limit  formula, 

A plot on log, paper of the Army ballistic limits for 
> 
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norraal incidence IG given ao Fig,2,    Three pr-.rp.llel 

straight linen may be dravm through the observations, 

one  for each of the three  hnrdnesa rangen.     The  slooe of 

these linos  Is 0,786.    The ballistic Unit therefore varies 

os e '       .     The associated proportionality constant is 

most readily found by writing the equation for the  Army 

ballistic limit at zero obliquity in the form 

0.735 
VA^.V1   (e/d)       , (1) 

1 

wnere d is  the calibre of  the projectile core,  and e is 

the plate  thickness.    The  constant V    has dimensions of 

velocity.     It is equal to   the Array ballistic limit at 

zero obliquity for matchiac plate  (e^rd).     The constant V 

associated vdth each hardness range is therefore equal to 

the  ordinate of the corresponding strright line at erd. 

In this way the valuer, 1150,  1180,  19.10 are found  for the 

three hardness ranges,  respectively. 

An attempt was made  to 'modify Eq, (1),   so as to  take 

account of obliquity,  by uuiltlplylng the right hand member 

by  sonie  function of  the obliquity angle r.     If oblloulty 

could be  taken c^.rc of by  such a multiplier,tive function, 

then the plot on log paper of ballistic limit against 

plate thickness would have   the  same  slope  for all angles 

of obliquity.     This vfac found not to be the crse. 

An attempt ras next made to take account of obliquity 

by adding to the right member of Sq.(l) some function of r1 

If  this is to  be  successful,  n nlot of ballistic limit 

-9- 
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r.gf.lnot p.azle will give Identical cui^ves aside from a 

vertical shift,   for all plates  in a given hardness ranee. 

Such a plot  is Riven as Fig.   5,    Since  the curves for all 

plate  thickuessetä are essentially parallel, vre are 

.justified in taking accouni: of  obliquity by ndding to the 

riL:-ht niember of Sq,(l)   some function of P.    A successful 

analytical  function can be obtained only by trial.     The 

function C  (l-cosf?) has been  found to be satisfactory up 

to 40°  for the  softer pl.ptef;,   up to oO    for the harder 

plates,    A comparison ytita observations is ^ivea as Fig.4, 

where  the increase In ballistic limits due to obliquity is 

plotted against (1-cos^).    If  this function Is correct, 

the  observations should lie upon strplght lines passing 

through the  origin.    The constant C associated with a 

given hardness range is equal  to the slope of the correspond- 

ing line. 

The final Army ballistic  limit formula Is therefore 

0 785 
VA-V1 (e/d)   '     4    0  (1-cos.-?). (2) 

The coefficients V..  and C are given  as functions of plate 

hardness  In Fig,  5, 

B,  Navy ballistic formula. 

•I plot of all the navy ballistic limits in Table I 

is given on log paper as Fig,6. In nearly every case, the 

observations for a given hardness r-nge nt a given angle of 

obliquity scatter symmetrically about a straight line with 

-10- 
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a slope of 1/2.    The navy ballistic limit therefore varies 

with plate  thickness approximately as follovrs: 

% 

0.50 
CJ. (3) 

The fact that the obaervatlons for 0 , 80 and 30° 

obliquity all lie unon parallel line8 mej-.ns that the effect 

of obliquity may be trken cp.re of In r:q.(3) by means of a 

multiplicative factor, thus 

0.50 
V'^ (e/d)   f(e),       (4) 

v.'here f is some, at present undetermined, function of 

obliquity angled, f shall arbitrarily be set equal to unity 

at normal obliquity. Then V is equal to the navy ballistic limit 

of matching plate at normal incidence. The value of f at 20 

and at 30° then gives the ratio of the Havy ballistic limits 

at the de angles to that at zero obliquity. The experimental 

data are reproduced fairly well by setting f equal to 1.15 

and 1,30 for 20 and for 50°, respectively, in all three hard- 

ness ranges. These values are nearly reoroduced by the analy- 

tical function cos"9^. A comparison is given in Table II. 

Table II 
Obliquity Factor 

I 

± 10 20 30^ 
1,15 .1x30- 

cos ^       1        1.03        1.12      1.33 

Eq.(4) is represented by full lines in Fig. 6, with 

fi'y)  given by Table II, and with Vg adjusted for each 

-11- 
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hnrdnesB range to ßivo the beat fit.    These v-ilues r.re 

1600,   1600,   1700 ft./see.   for the ranges 960-280,  300-310 

ond 360-400,  respectively.    Most of the deviations In Fig,   6 

of the observed ballistic limits  from the straight lines 

associated with iq,(4)   show no consistent trend In the 

three hardness mnges.    They rapy therefore be attributed to 

the uncertrlntles In the nveasureraents.    Two deviations are 

consistent In all three hardness  ranges.    Tamely,   the 

observed ballistic limits of the  thlnriest plates,  5/8",  at 

normal obliquity,  and of the  thickest plates,  1",  at 20° 

obliquity,  nre lower thrm they should be nccordlng to Eq.(4). 

These deviations mu»3t be considered as repl,  and are discussed 

in the following; section. 

Theoretical Intemretp.110:1 s 

Accordlns to Eq.(4),   the velocity required for a cal.   ,50 

projectile  Just to perforate p. plate vrrles as the  square 

root of the plPte thickness.     The  corresponding energy 

therefore varies linearly with the nlrte thickness.     This 

linear relation h^s both interesting theoretical and 

practical implior.tlons. 

Theoretical considerations  show that if the core per- 

forr'tes tne nlate by •ouehinc aside  the olate 'material with 

no net forward :aotio 1,   then the  energy for perforation varies 
4 

linerrly with the plnte  tnickness  ;  while if the plate 

material is pushed only forward,   Lhe energy for perforation 

varies quadrnticrlly "'i'.'; t.V- ni,r,! c  thickness .    According 

— x*^* 
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to Eq, (4), the plateo inveatlgr.ted b;,r Sullivan were 

therefore perforated essentlp.ll.y by the plnte material 

beln-:. pushed aside. At normal Incidence, Sq, (4) may 

be written as 

i m v/.. I^m V^/d5! e d2, (5) 

vrhere m Is the mass of the core. The bracketed factor In 

the right hand member of this equation has dimensions of 

pressure. According to reference 1, this factor should 

have the same order of magnitude as the tensile strength. 

Taking V, as 1600 ft/sec, we find that this factor Is 

350,000 pal. 

It has been reported that the energy lost by a 

projectile In passing throuf'h a nlate is Independent of 

uhe striking velocity of the projectile , According to 

this conclusion, and to Eq, (5), a cnl, .50 projectile 

will require the same energy to perforate a nlate cf 

given thickness as to perforate two plfteo, erch relate 

boing of half this thickness, proviced the Irtter nlrtes 
a 

are at least c/8" thick. Previous reports from this 

arsenal have concluded that it took a grerter total thick- 

ness of a plate to defeat a cal. ,50 projectile if the 

plate were in two sections rather than in one. Such a 

conclusion was based uoon experiments using plrtes 

considerably harder, of about 440 Brinell, than those 

used in the data reviewed In this repor'j. The equivalence 

of two separate 1/3" plrt^r to cie lnplate is based upon 

-13- 
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the supposition thnt the nrojectlle strikes the cscond 

plrte under the o-.ne conditions ra it strikes the first 

Plate. However, when the projectile strikes the second 

plate the core has been stripped of its Jacket. The 

penetrative ability of a cal. ,50 projectile Is considerably 
7 

reduced by the removal of its  Jacket  ,  presunjibly because 

the  jacket tends to prevent the nose  of the core from 

breaking up .     It is therefore anticipated that two 3/8" 

plates vdll be more  effective  than one 3/4" plate,   or two 

1/2"  olates more effective than a single 1" plate at all 

angles of obliquity, provided all the -olates are homogeneous 

with a hardness in the range 260 - 400 Brinell,  and provided 

they are  separated by a distance at least equal to the 

length of the projectile. 

The  rapidity with which the brills tic limit rises 

with obliquity is very surpricin;*.     If the only advantage 

of obliquity rere to lengthen the nath of the projectile 

through the  armor plats,   the energy necessary for per- 

foration would vrry with obliquity at most as 1/cos ' ,   the 

navy ballistic  limit therefore would vary at most as 

1/cos      o.    This would make the navy ballistic limit at 

20° obliquity Z% higher than at 0° obliquity.    From Eq,t4) 

and Table-  II,   we see that actually it is 15^ higher,  a 

rise of five   times that predicted by the fbove naive 

interpretation.    The increase of effective mean length of 

path can th-srefcre be onl;   r rülnor factor in the rapid rise 
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of ballistic limit with obliquity, A nosalble ex- 

plnnr.tlon Is thr.t the cores of the cnl. ,50 bullets 

brenk up upon passing through the plrtes at angles of 

20° and over.  The conditions under which these ceres 

break up has not been reported In the literature.* 

The observed nav;' ballistic limits In all three 

hardness ranges for 3/8" at normrl Impact are lovrer than 

those r;iven by Eq. (4), It la known that as the thick- 

ness of a plate decreases, penetration Involves less 

pushing the plate material aside, more pushing the plate 

material forward. This chaiige in type of penetration 

will result1 In the energy of perforation falling below 

thpt given by the formula (4)-,  It Is possible that at E. 

thickness of 3/8" this effect "becomes apparent for cal. .50 

bullets. 

The observed navy ballistic limits in all three 

hardness rrnges of 1" plates at ^0° obliquity fall below 

the values given by Eq. (4), This discrepancy mry arise 

because such a comparatively large a.mount of energy is 

necessary to perforate a 1" plate at normal Incidence 

that the breaking up of the bullet core at obliquities 

can not increas" the energy for perforation by such a 

-15- 

*Mote added Dec. 15. After reading the first draft of 
this report, llr. ITn.oDonough of the Watertown Arsenal Armor 
Plate Range has made a brief survey of the conditions under 
which the cores of c:l. .50 AP cores fracture. He found that 
all cores which •-. rf ■:. r.tcd 3/8" homo^tmeous plates at 20 
obliquity vere fr'-cturc-d, over the range of incident 
velocities used, from 1600 to 2000 ft/sec. 
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large factor as for thinner plate a. 

It Is to be expected that at normal Incidence the 

difference between the energy necessary just to perforate 

a plate end just to penetrate a plate will be Independent 

of the plate thickness. In order to test this relation, 

a olot was made, given as Fls.7, In which V« is compared 

with V. .  Their difference is seen to be essentially 

independent of plate thickness, that is, 
AM 

V2 - 7A^\2> (6) 

where V-  depends only upon the plate hardness.    The 

constant V,   is   just trie velocity  the core must have at 

completo penetration in order just to perforate the piste« 

The  dependence  of V, upon hardness is given in Fig.  5, 

Eqs,   (2),   (4)  and (6)  are not consistent with one 

ano'oher.     This inconsistency In no way invalidates their 

usefullness in representing the date  fplrly veil over the 

limited range of the ratio e/d associated with the data, 

of Table I,   namely over the range  of e/d from 0,67 to P.3. 

-16- 

mi 

f vm 



rraaTiJWTTisTT«:Tri^rac«T™ o™ Tj^iTrii'ira-^^ jr« srr- BsnKica-Ksr»inrir«-jTi.]i-«"nr'ST» IT»lymuix'^.L-iu-» u ■»LTU-t\rw; 

Referenoes 

1. 

S. 

3. 

4. 

5. 

6. 

C.   Zcner and H.  Hollomon;    "Iteclmnlsm of Armor 
penetration,  First Partial Report",  Watertown 
Araoial Report No.  710/454,   September,  104S. 

J.  Sullivan:     "Ballistic Properties of Rolled Face 
Hardened Armor and Rolled Homogeneous Armor of Various 
Hardnesses at I'orraal Incidence and at Various Ob- 
liquities",  Watertown Arsenal Report To.   710/456, 
September 1942. 

Wiiitr.ker and Robinson:    "Calculus of Observatloas" 
Chapter 8 (Blackle,  1929). 

K.  A.  Be die:     "Attempt of A Theory of Armor Penetra- 
tion" Ordnance Laboratory,  Frankford Arsenal, 1941. 

Or.  Reynolds,   R.  Kramer,  and W.   Bleakney:     "Ballistic 
Tests of Smf.ll Arms Plates for the Frankford Arsenal," 
1I.D.R.C,  Report !vo.  A-67,  July 1P42. 

E.  L.  Reed and S. L.  Krue^el;   "Test of Lamlnrted Thin 
Armor Plate",   Watertown Arsenal Report Ho.  710/275, 
December 1958. 

7.      CM. Hudson:     "Developruent. of caliber .60 and 
00-15 ram.  Ammunition", Ordnance Laboratory,  Frankford 
Arsenal,  Report R-157. 

•IV- 

mmmum 



m 
4» 

1 

+» 
CO 
•H 
H 

g 
«M 
C 

-«1 
K E? 
5 tt 
C Q 
01 n 1 CO 

-511 eg 

•H 

3 

v  s 

• s 
•   H 

O 

HI 
9 «S. w H ö o> uv.o r-to so 
IM CM OJ OJ CM W 

mir» 
| ypvo VO 

W CO <VJ 

C 
O 

^ 

y 

H 

0"> to •*•-. nj CJ VJ5 

CO CM 

WVJD        CVJ OMT» 

vt» ^o   I cH to r-j ^   'SI 

I   I   l   I   l    I 

J- h- CM CM ,-» i 
vjp o w ^- i-i i 

BN    ß Q O ?» O> Kl 
H CM ^F if»_-f in 
CM CM CM CM CM CM 

in CM o^ r^ so 
r- m . H I-« .3 
ini>- | orNjH CM 
H «H rH CM CM 

Q inh-to mo 
tf\^0 Q H H N- 
H rH USU r^vCT» 
rl rl iH H H i-l «-« 

i     I     I     t     I 

I     I     I     I     I 

it I     VO 
O       ON   I    »    I    I     I 

5     d "^ ?,s f-* «-• ^ 0      ,-• ^y CM r-^^j  H 
pq        CVJ CM K^H^KVrl 

I    I    I    I    I 

CM 

cr» 
tf* i 
CM 

sp^o rn 
CM (TiftO 

CM cvi ru 

f-cuvo 
eo Q NS 

(M       h-k^ CM 
ON     ^d O O 

i i i t i 

60 O Q H OJ 
M t*-iF O CM 
t^- r«- 60 cMn 
H H H H f-l 

t    I    t    I    I 

IM 
CMVX> 

I    I    I    I    I 

in 

'Kr' i i 

in CM eo ai H 
60 i*  tO ON 60 

CM CJ CM CM CM 

O SP H IT».; 
rl N-vo in^, 
in H H t*^- 
CJ CM h] CM CM 

I 
I   I   I   t   I 

cr> o^ t--CM cr> 

I   t   I   I   I 

8   ^8? CM     Qcr>o     »nw 

I, SI: f 
H      W CVI CM 

00       NVO O 
-^  I inso cr» 
H       rH H H 

^f^SPß 
Si CM W CM ?8 

p H ino> 
60 60 

t»-vx> inn 
CM CM CJ 

I    I    I    I    I 

>^) Si r^H in 
H H H H H 

HCM CM Hin 
>.Ö 60 Q C 
CM w PSr^^i d5 

I   I   I   I   I 

CTvKWO ONO 
»ncM^t K^ 
.* tn^o^>vo 
H H H H rH 

in CM cr>o>in 
in Q m o H 

I   i   I   I   I   I   I   i 

i   i   i   I   i   i   I   i 

l<^ CM l**i O CM O 
rH h-^O h- lA N- 

CMCMCMCMCMCMCMM 

in 6 CM QVO CM 60 l*N 
60 Pjv^ r 
FvJ Rj oj ki c\» &&« 

i   i   i   i   t   i   i   i 

i   i   i   t   i   i   i 

in 

CM CM 

^ÖS^K? ,0 H tnW 0> 
VO SP ON O 60 www f^w 

ovo a>eo H w p ■ in t 
^ d CM W 

ON» 

VD ON 
60 l*N 

H H i-l 

_ 160 f--«sö 
,3-SR in JN 
w w w w 
ONKNinr»- 
inr^Qvo 
ON^S^ w 

CM »t^,,^-J- 

60 w inr-H-si-vo Q 
m^f w t^- w w 60 ON 
r^r—eoto ONON606O 
rHHHHHHHH 

ONH W^l   K\0O 60 60 
sp r-Q ou) r^eo to 
CM  CM PSh^KNKNfiSPS 

h 

& 

s  e   s   e   s   c 
6U 60 CO 60 CO 60 

B   c   C   t:   8 
CM W W M W 

t^mK.rnKNKN     H ri H H H 

60 60 60 60 CO 

in' in in in in 

B     CCBBCBS 
At ^t J  ^ J- ^t J- ^t 

KNKNr^iKNKN^^m 

SV. ^j'W •V-.-"-'- 



i.»i*KiiiMi«i!Tt,ii|iii'n;*i^wn'vii'nmm.ni<T'.in'rq»T ^»^^^7^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ rwvmmgwmm 

m 

I 

4» 

(0 
+> 

1 
•H 
Hi 

O 
«H 
•P 
«0 
•H 
H 

s) 

^1 

N 

SI 

?> 

I   I   I   t   I   I   I   I  t 

I   I   1   I   I   I   I   I  I 

I   I   I   I   t   t   I   I  t 

r—    vuvi) gwx) ^e\i 
^t     mmcu o H I-'N 

m^*     p evi vo w r-oj 

H m^* to irv to i^ H w o r«-1^ is ii o <r> i-i H CM 
o    .* .3 t ir> r^-vx) r«-K-f- 

?VI^ICUeU(VJ(ViNCMN 

I   I   I   I   t   I   I 

I   t   I  I  I   I I   I 

I   I   I   I   I   I   I   I  I 

ir\^>     to vp o so N- r«- 

Cü N fJ W w ^i ^i ^i ?ii 

tat ^CVJ a\-4: in r^to o r- 
wl so r^-1^-Q vo vo*JD r-JU 
n      w CVJ CVJ PSr^r^r^K^-« 

«Ksre   sees 
r-tfHHHr-IHHHH 

m&m 



ywwyqp^cpg^OTinwcrs^r^^^ 

:f- 

I 

^ jK.'Jt'J.J-l 

1^ 
o 
N 

^ 

h5< 

r^ 

< ■ 

~o 

^ 

..O 
X: 

I 

1 

-A 

•a. 

^1 3H 
C Ü 

CO        ^4 

► O JH 

60 «Q > 
01 

. )t< 

t* ou  • 
o ^ a>    P 

go* 
O       H 

v*     o 
%i 

<U O 0) 
u   -♦> 
-ri   (Or* 

rj t3<H 
at«« a) 

t! 0 w 

>#..«} 
•H, 

OHO» 
ai « lu 

a> v» to 

♦> 0 

e> t: • 

Q 
ä to 
to e 
U CO 
v to 

t*U to 

a. 

•d 
0) 

to 4-) 

as 
P...ri 

^♦> 
0.'' *-) 

'CJ a; 

to -P 
.c? 
4» O 

'  P 

■l-> 

C^H 

1)0 «H 
•^H 
U 
O Ü 

to P 
,ILj   (0 

■#) aj«-i 

I« tOQ 

«3 ^ 
xi     to 
-p to «H 

■P       ci 
■bXi 

•d «i 

o     to 

H^ O 
c. to H 

(■•. 

U       0/ 

«>> 
to P 

H o .d 

. -". -"■ ■". •'. •". •{-""• ■"• 1. 
-:-Sv>:.:->>-:iv:-;<>-: 

c0 

K 

k 

s 

^ 

yj 

•VA'- 
j^^ 

i'-V. 

^'-h'.'j'.T-j-'A^'? »VJ',' 



j*.J.^.R;. -» -i *•> K.T«.-[ «.i^ii tT■.! •--'S. ■.!-.■ .7 "-- "-^ "-TV5rs»jcpr»PSBWi   rsi^wsr»Erwaisr«lBTIT« tTEVrKBTUpi*? »1«-T^''J^VrT-VW*:--*V7Vy74>,^«Wi 

A     3^0- •/Ä? hRlNLLL 

'X 

^ >^ 

/J0<i 

/ u-ülJL-. 

^C'V^ 

^ .■ 

■ > 

I 
1 
t 

■    ■• ' 
^ ;..:-.-,, r     ■ 

■i 

—....,,., „„. 
1 
1 

—t 

'■.. —r 

^'- 

o 

d» 

...j. ..JJ v. 
f;''-::",)? 

I_J 

■C>. v/^,/ 

}.»5 

^ 

■.-!- ' '."" '. ' •. 1 V >MM»i      ■ l     Tm, 

;•■;"- .•- .> . 
^.:U'..L-..L-».^.L-...^..».I.'I,..-.VV LV . ^ W.'?. r..^.vw:>. .•/"..,■. ,■,■..'.■.,., .■'... ...r. .■./■■...,•. , ^. J.;.j..;>:A TJ-:.-.:Jt,;. 

>■;-:■;:<:•;>; 

-,-;.--^-:„^    -■■-?. 

■.•.-,.-.' ..■, .  ' 4 • -. - < - . • - -  . 1 

. ■. -. ■'. w* v. ■, ■ •> ■•. v . /- '■ -1 



'»■' - ' ■ ' ■; 

VT- 

■'    .lU't:' .:1 ..   : .. 

;--:l - 

^gg - .-.._ > t- ■»-......i■.»—-—-T-^JI ^.■.-: .....l-.»'.J'.-J»* ii! i'ilf  ;t.i. i^ v,..'Ii^...-t...-r 
'        I   »  -   ■       .        ■ :  ,    ■    > ■    ■       ' •  1   '       ■ ....*... |   ...   h.   ....       , . ,      . 

...(.;.. 



,'.  ■> 
I .    !    .',«., 

■.-.- 

:•>:-. A 

in;:.:  '\ßt\? 
•: -'-:^i-rTr4-r-'t:r:~ Tt-trr *■"•■ rXffy:+T 
^ ■...U -,.■:. r ,'►, 1   1   ^ 1 tlI.-'■ 

.-,    ;iM  »,-:;   n:  f  ■ ' .  i.r it ':!!■;■ 
■•H— 

-rtr 
!      ' J"' 

;i' 

:t.:.:-' 

m 

•f\: 

■ •; !■; 

JiSEtetGll^fe 

• ■-4 H-     '-. ■*■*- -l i'   - 

i£ 

fe&öilfli'U^t- 

El 
AR 

re 
r;,.i.-..,. 
':;.!.•   .!i.t'!>;::lir;>.u 

• fn Et; ri K- ^; Biai^WP-i 

4. 

..... 

A,. i*w i^ <• .w 

Hi 

^;^ h3'i"r3n:rMS^ 
j 1    . U   1. ■ t— 

wit; 
i.,       - -      !T»I,;M-   ■ M'*'t   -■-   ; • "*:*:-, -   '•■   t   '■■■, 

I    . 

aiipi 

iJi^ 
.851. 

.*     -* p.^»«.*.-*■*-■»•»..+.4,.- 

.- ,: . f ■■'".*'T L * ...   n.j 

mmm 
mm r t:r' 

rrm 

;:.:r.;;it:::t.'... 

imi 

!•:•» 

i • ■  : r—r i- ■' J 

...,T-tr.i.- 

•' i-4' in. 

u^^o^^^^^v.^^^^.-,;,-.,..-.-■-,.-■,..-•-y^ 1.--^-v-:v.^.■;■;--.:■-;• v:-;:• ;-.;•:,■ ::v'i';^:-:;:-';. ^^:"■:'-; 



~ 1200 
o 
lii 
CO 
^   1100 

> 1000 

^ 

200 300 
B.H.N. 

ui ITOO 

It 1600 

' 

400 200 300 
B.H.N. 

400 r 

1300 

6 
in 
»1200 

i». 
11100 

Pi 
> 

1000 

s- 
200 

^8000 
6 
ui 
^6000 
H 
U. 

O4000 

300 
B.H.N. 

400 

Ü ^ 

•^ 

^P 

r P 

200 3( )Ö i 00 

mi 

m 
B.H.N 

HARDNESS DEPENDENCE OF 
BALLISTIC  LIMIT COEFFICIENTS 

FIG.5 

r-. 

.—cr—7~u -JV—"—71—^ ',"  ,'    ■ i, \—?—j—rr—3—: 

*- L *• ^ -'■ *- ■ *'' ^_v 



^^T^^^^^^^^^^^^T* 

Ü 
liJ 
if) 

h- 

Ü 
o 
_l 
UJ 
> 

D300ÜBLIQUITY 

X200 

0  0°        " 

PLATE    THICKNESS   (IN I") 

FIG. 6 

NAVY BALLISTIC LIMITS 

». " ». ■ «> ., 

'- -■."•'.■vV-'.- 

•,\-r\-.'.\\ ,-"'-!•'.•»■'.■■"(-/.,.-/■'.%■' k.> . /-.,_ .» ^.>_>_: ,-»■ .. .r... .g—« . i . ■■'"■* r * r . - . ■ * - >    . v* Cm:.,, r 



«..-»^'*«.■.•.-,•»', ».■.•.-.<.<%BJ«,a...f«»Mi4.'«u.'»»«ll.-»«.-««J*»j*IU*«;*»:«.»JMD»«C 

.■>.•* 


